Auxin-induced cell elongation relies in part on the acidification of the cell wall, a 1 6 process known as acid growth that presumably triggers expansin-mediated wall 1 7 loosening via altered interactions between cellulose microfibrils. Cellulose 1 8 microfibrils are a major determinant for anisotropic growth and they provide the 1 9 scaffold for cell wall assembly. Little is known about how acid growth depends on 2 0 cell wall architecture. To explore the relationship between acid growth-mediated 2 1 cell elongation and plant cell wall architecture, two mutants (jia1-1 and csi1-3) 2 2 that are defective in cellulose biosynthesis and cellulose microfibril organization 2 3
continuously deposited during growth, they may contribute to passive re-1 0 0 orientation of microfibrils (Gertel and Green, 1977; Preston, 1982) . Alternatively, 1 0 1 the anisotropic orientation of microfibril deposition may involve guidance by 1 0 2 microtubules (MTs) (Chan et al., 2010) . The latter concept is supported by the The role of microtubules in guidance of cellulose microfibril alignment is probably 1 0 8 not conserved in all cell types, but in general there is good agreement between 1 0 9 the orientation of cellulose microfibrils and the underlying cortical microtubules in 1 1 0 cells undergo rapid cell elongation (Heath, 1974; Hepler and Palevitz, 1974) . Supporting the microtubule-microfibril alignment hypothesis, cellulose synthase 1 1 2 complexes (CSCs) have been visualized as diffraction-limited particles that move 1 1 3 along the underlying cortical microtubules (Paredez et al., 2006) . Concurrent 1 1 4 rotations have been observed at the outer epidermal cell wall of the hypocotyl for 1 1 5 both microtubules and CSC trajectories (Chan et al., 2007) . CELLULOSE 1 1 6 SYNTHASE INTERACTIVE1 (CSI1) is a linker protein that mediates the 1 1 7 interaction between CSCs and microtubules (Bringmann et al., 2012; Gu et al., 1 1 8 2010; Li et al., 2012) . It does so by interacting directly with both CSCs and 1 1 9 microtubules (Li et al., 2012) . The CSC trajectories were uncoupled from the 1 2 0 underlying cortical microtubules in a csi1 null mutant, supporting its essential role 1 2 1 of co-alignment between CSC trajectories and microtubules. As the CSI1 To understand the relationship between cellulose microfibril organization and cell 1 3 9 elongation, we used jia1-1 and csi1-3 mutants that disrupt cellulose biosynthesis. Dark-grown Arabidopsis hypocotyls are a widely used model system to study cell 1 4 1 growth (Derbyshire et al., 2007; Gendreau et al., 1997) . csi1-3 was previously 1 4 2
shown to have reduced elongation by 40% in dark-grown hypocotyls and the 1 4 3 reduction of growth rate was maximal at 3 to 5 days after cold stratification (Gu et 1 4 4 al., 2010) . We compared growth morphology of four-day-old dark-grown 1 4 5 hypocotyls in the two mutants. Both csi1-3 and jia1-1 exhibited dwarf hypocotyls 1 4 6 ( Supplementary Fig. S2A ). Similar to wild type hypocotyls, both csi1-3 and jia1-1 1 4 7 had approximately 22 (± 2) epidermal cells from base to the apical hook occurs. csi1 has defects in auxin-or FC-induced growth while the apoplastic 3 7 3 acidification is normal, suggesting the defect may reside in wall loosening. Indeed, csi1 walls are less extensible in creep assays. As wall creep mimics wall 3 7 5 enlargement during cell growth, these results confirm a correlation between 3 7 6 defects in wall mechanics and loss of acid-induced growth in csi1. Because 2016). Xyloglucan is speculated to reduce interactions between cellulose 3 9 0 microfibrils and reduce their bundling (Xiao et al., 2016) . It is unclear whether the 3 9 1 defects in wall mechanics and/or loss of acid-induced growth in xxt1 xxt2 alters 3 9 2 MT organization or CSI1 function. Transmission electron microscopy analysis 3 9 3 revealed an overall appearance of loss of crossed-polylamellate wall in xxt1 xxt2 3 9 4 and csi1 but it cannot discern molecular difference such as bundle sizes, 3 9 5 microfibril length, connection between different lamellae, microfibril motions, and to determine how such cell wall parameters affect the overall wall organization and wall mechanical properties in xxt1 xxt2 and csi1. The mechanism by which The "direct guidance model" postulates that microtubules guide the deposition of 4 0 7 cellulose microfibrils (Heath, 1974) . The observation that the CSCs trajectories 4 0 8
were uncoupled from microtubules in csi1 supports the direct guidance model. With the discovery of the linker protein CSI1, a modified guidance model is
proposed in which microtubules guide the deposition of cellulose microfibrils 4 1 1 through direct attachment mediated by CSI1 (Gu et al., 2010; Li et al., 2012) . As 4 1 2 CSC trajectories are proxies for the orientation of nascent cellulose microfibrils, it 4 1 3 is predicted that cellulose microfibrils would have disorganized orientations in 4 1 4 csi1. Surprisingly, the newly deposited cellulose microfibrils in csi1 mutants are 4 1 5 more parallelly aligned than those of wild type. These results suggest that the 4 1 6 direct guidance model is inadequate to explain the origin of the initial orientation 4 1 7 of cellulose microfibrils. A re-visit of alternative models is needed. The self-4 1 8 assembly mechanism suggests that wall formation is a spontaneous process, 4 1 9 similar to liquid crystal formation (Neville, 1985; Neville et al., 1976) . Another 4 2 0 model takes the density of CSC and geometry of the cell into consideration 4 2 1 (Dyson and Jensen, 2010; Emons and Mulder, 2000) . The helicoidal wall texture 4 2 2 in root hair was simulated based on the geometrical theory. As Arabidopsis 4 2 3 hypocotyls have a crossed-polylamellate wall rather than a helicoidal wall, it 4 2 4 remains to be tested whether the geometrical theory holds true in hypocotyls. The observations that microtubules and microfibrils in the most recently to the hypothesis that inner periclinal walls control the growth direction whereas 2010; Crowell et al., 2011; Kutschera, 2008) . Despite the differences in response 4 3 2 to auxin-and FC-induced acid growth in csi1 and jia1, elongation still occurs in controlling the growth direction. However, the most recently deposited cellulose 4 3 5 microfibrils in csi1 and jia1 were more parallelly aligned than those in wild type 4 3 6 plants. Therefore, the growth defect in csi1 and jia1 cannot be simply explained 4 3 7 by the disorganization of the microfibrils and the loss of growth anisotropy. Moreover, the growth defect in csi1 and jia1 appeared to be controlled by et al., 2007; Refregier et al., 2004) . jia1 had a much more severe 4 4 7 defect in cellulose synthesis as compared with csi1 (Lei et al., 2014) . It is likely 4 4 8 that the delay in growth acceleration represents a mechanism to cope with 4 4 9 severe cellulose deficiency. In summary, this study has several significant implications. First, CSI1 is required All seeds were surface sterilized with 30% (vol/vol) bleach for 15 min, thoroughly The average trajectory orientation was analyzed using FibrilTool, an ImageJ plug-in to quantify fibrillar structures (Boudaoud et al., 2014) . The Arabidopsis hypocotyl sample preparation and atomic force microscopy of 4 8 0 hypocotyl walls were performed as previously described (Lei et al., 2014) . The The apical portions of hypocotyls were cut approximately 0.5 -2 mm below the 4 8 8 apical hook of 3-d-old dark-grown wild type (Col-0), csi1-3, and jia1-1 seedlings.
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Samples were fixed in 50 mM phosphate buffer (pH 7.0) containing 2.5% 4 9 0 glutaraldehyde and 0.1% Triton X-100 for 3 h at room temperature. The residual 4 9 1 glutaraldehyde was removed by washing the samples with 50 mM phosphate 4 9 2 buffer 3 times for 5 min each. Samples were then immersed in dimethyl sulfoxide water (ddH 2 O), followed by dehydration with an ethanol series (25%, 50%, 60%, 4 9 5 70%, 80%, 90%, 100%; 10 min for each); 100% EM grade ethanol 3 times for 10 4 9 6 min; 100% acetone 3 times for 10 min. The dehydrated samples were infiltrated 4 9 7 with acetone: Eponate 12 resin (2:1, 1:1, 1:2, > 6 h each) and pure Eponate 12 (3 4 9 8 times for > 6 h). Samples were then embedded in a mold, in which the hypocotyl 4 9 9
hook was positioned on the top of mold. After incubating at 70°C overnight, 5 0 0 ultrathin sections (~70 nm) were cut at room temperature using an ultra- The thin sections on the grids were incubated with 1% periodic acid in deionized 5 0 5 water for 30 min and washed with deionized water 3 times before being 5 0 6 incubated with freshly prepared 0.2% thiocarbohydrazide in 20% acetic acid for 5 0 7 24 h. Then the sections were washed sequentially with 10%, 5%, 2% acetic acid, 5 0 8 and deionized water. The samples were stained with 1% silver proteinate in 5 0 9 deionized water for 30 min and followed by washing. The sections were stained 5 1 0 with 0.46% lead citrate in deionized water for 12 minutes, then washed by 25 mM 5 1 1 NaOH, 12.5 mM NaOH and deionized water for 1 min each. Images were 5 1 2 collected using a transmission electron microscopy (FEI Tecnai TEM) under the 5 1 3 120-kV accelerating voltage conditions. Etiolated seedlings were gently attached to sample holders with a thin layer of 5 1 7 carbon tape. Images were acquired using a Quanta 250 environmental scanning 5 1 8 electron microscope (Thermo Scientific) in the high vacuum mode. The 5 1 9 measurement of cell length was performed using ImageJ software (NIH). The shoot apexes and roots of 3-day-old Arabidopsis etiolated seedlings were 5 2 3 removed using a razor blade. The hypocotyl segments were placed in the 5 2 4 depletion medium (10 mM KCl, 1 mM MES, pH 6.0). Then the hypocotyl beginning of incubation and after 150 min of incubation (Fendrych et al., 2016) . The shoot apexes and roots of 3-day-old Arabidopsis etiolated seedlings were 5 3 1 removed using a razor blade. The hypocotyl segments were placed in the 5 3 2 depletion medium (10 mM KCl, 1 mM MES, pH 6.0). Then the hypocotyl beginning of incubation and after 150 min of incubation. The 3-day-old Arabidopsis etiolated seedlings were collected, stored at -80 °C, For enzyme-induced creep, leaf petioles from the fifth to eighth leaves from 3-5 4 6
week-old plants were harvested, stored at -80 °C, and thawed prior to with distilled water. The samples were pressed under a weight for 5 min to 5 5 0 remove residual cell fluids and to flatten the wall sample, as described previously The quantification of ratiometric pH sensor apo-pHusion in wild type and csi1 5 7 1 was performed as described previously (Fendrych et al., 2016) . We thank E. Wagner and X. Wang for their assistance with the creep assay. We 5 7 5 thank D. Ehrhardt for providing YFP-CESA6 mCherry-TUA5 transgenic seeds.
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We thank A.T. Fuglsang for providing apo-pHusion transgenic seeds. This work 5 7 7 was supported by the Center for LignoCellulose Structure and Formation, an Science, Basic Energy Sciences under Award DESC0001090. (mean ± SD) degrees and 19.67 ± 14.00 (mean ± SD) degrees, respectively. P > 7 1 9 0.05 (n = 6 for each group). In the csi1-3 mutant, the angles of YFP-CESA6 and 7 2 0 2 5 mCherry-TUA5 trajectories are 4.49 ± 4.00 (mean ± SD) degrees and 6.79 ± 2.49 7 2 1 (mean ± SD) degrees, respectively. P > 0.05 (n = 7 for each group). (mean ± SD) degrees and 61.22 ± 13.35 (mean ± SD) degrees, respectively. P > 7 2 6 0.05 (n = 7 for each group). In the csi1-3 mutant, the angles of YFP-CESA6 and 7 2 7 mCherry-TUA5 trajectories are 11.07 ± 4.82 (mean ± SD) degrees and 57.79 ± 7 2 8 21.40 (mean ± SD) degrees, respectively. P ≤ 0.01 (n = 7 for each group). References: I  s  h  i  k  a  w  a  H  ,  E  v  a  n  s  M  L  .  1  9  9  3  .  T  h  e  r  o  l  e  o  f  t  h  e  d  i  s  t  a  l  e  l  o  n  g  a  t  i  o  n  z  o  n  e  i  n  t  h  e  r  e  s  p  o  n  s  e   o  f  m  a  i  z  e  r  o  o  t  s  t  o  a  u  x  i  n  a  n  d  g  r  a  v  i  t  y  .  P  l  a  n  t  P  h  y  s  i  o  l  1  0  2  ,  1  2  0  3  -1  2  1  0  .   I  t  o  h  T  .  1  9  7  5  .  C  e  l  l  -W  a  l  l  O  r  g  a  n  i  z  a  t  i  o  n  o  f  C  o  r  t  i  c  a  l  P  a  r  e  n  c  h  y  m  a  o  f  A  n  g  i  o  s  p  e  r  m  s   O  b  s  e  r  v  e  d  b  y  F  r  e  e  z  e  -E  t  c  h  i  n  g  T  e  c  h  n  iu  e  .  B  o  t  a  n  i  c  a  l  M  a  g  a  z  i  n  e  -T  o  k  y  o  8  8  ,  1  4  5  -1  5 
